Ferritin is a widespread iron mineralizing and detoxification protein that stores iron as a hydrous ferric oxide mineral core within a shell-like structure of 4/3/2 octahedral symmetry. Iron mineralization is initiated at dinuclear ferroxidase centers inside the protein where Fe 2+ and O 2 meet and react to form a µ-1,2-peroxodiferric intermediate that subsequently decays to form µ-oxo dimeric and oligomeric iron(III) species and ultimately the mineral core. Several types of channels penetrate the protein shell and are possible pathways for the diffusion of iron and dioxygen to the ferroxidase centers. In the present study, UV/visible and fluorescence stopped-flow spectrophotometries were used to determine the kinetics and pathways of Fe 2+ diffusion into the protein shell, its binding at the ferroxidase center and its subsequent oxidation by O 2 . Three fluorescence variants of human H-chain ferritin were prepared in which Trp34 was introduced near the ferroxidase center. They included a control variant no. 1 (W93F/Y34W), a "1-fold" channel variant no. 2 (W93F/Y34W/Y29Q) and a 3-fold channel variant no. 3 (Y34W/W93F/D131I/E134F). Anaerobic rapid mixing of Fe 2+ with apo-variant no. 1 quenched the fluorescence of Trp34 with a rate exhibiting saturation kinetics with respect to Fe 2+ concentration, consistent with a process involving facilitated diffusion. A half-life of ∼3 ms for this process is attributed to the time for diffusion of Fe 2+ across the protein shell to the ferroxidase center. No fluorescence quenching was observed with the 3-fold channel variant no. 3 or when Zn 2+ was prebound in each of the eight 3-fold channels of variant no. 1, observations indicating that the hydrophilic channels are the only avenues for rapid Fe 2+ access to the ferroxidase center. Substitution of Tyr29 with glutamine at the entrance of the "1-fold" hydrophobic channel had no effect on the rate of Fe 2+ oxidation to form the µ-1,2-peroxodiferric complex (t 1/2 ≈ 38 ms), a finding demonstrating that Tyr29 and, by inference, the "1-fold" channels do not facilitate O 2 transport to the ferroxidase center, contrary to predictions of DFT and molecular dynamics calculations. O 2 diffusion into ferritin occurs on a time scale that is fast relative to the millisecond kinetics of the stopped-flow experiment.
Introduction
Ferritins are members of the superfamily of iron storage and detoxification proteins found throughout the animal, plant and microbial kingdoms and play key roles in the biological management of iron.
1-4 These proteins sequester excess cellular iron and, in so doing, minimize "free iron" which contributes to the generation of reactive oxygen species (ROS). [5] [6] [7] In the process of acquiring and storing iron, ferritins catalyze the simultaneous oxidation of two Fe 2+ by a single dioxygen or hydrogen peroxide molecule by a mechanism that avoids the odd electron oxidation of iron(II) and the associated production of superoxide and hydroxyl radicals harmful to the cell. 6,7 Thus, the ferritins are not only able to efficiently harvest and store iron for later use by the cell, they also help to protect the cell against oxidative stress.
5
All ferritins have shell-like structures (Figure 1 ) within which large amounts of iron (e4500 Fe) are encapsulated as a hydrous ferric oxide mineral core with a structure resembling that of ferrihydrite and displaying superparamagnetic properties.
2,3 The protein shells of mammalian ferritins are penetrated by channels and have 4/3/2 octahedral symmetry with inner and outer diameters of ∼80 and 120 Å, respectively, and a shell thickness of ∼20 Å (Figure 1 ). Because of its unique structural properties, the protein cavity has found application in nanotechnology as a natural template Ferritin protein shell with views down the (A) 4-, (B) 3-, (C) 2-, and (D) "1-fold" axes (channels) of the protein shell. The full protein shell is shown on the left with the rotation symmetry related subunits indicated in blue. An expanded view of each type of channel is shown on the right with key residues indicated. The "1-fold" rotation axis is a C 1 axis (rotation through 360°). There are an infinite number of such axes in the protein but the one shown lies along a narrow channel leading to Fe (yellow) in the A site of the ferroxidase center (see Figure 2 ) and thus has special significance. 9, 36, 37 Tyr29 extends into the exterior solution.
for the nucleation and synthesis of a variety of metallic nanoparticles whose growth is constrained by interior size of the protein shell. 
. 2 The ferroxidase center is located some 7-8 Å from the inside surface of the protein shell and 12-13 Å from the exterior surface in a region of considerable hydrophobic character ( Figure 2) . 9 L-subunits lack ferroxidase centers and thus do not exhibit fast Fe 2+ oxidation kinetics but facilitate nucleation of the mineral core.
2, 3 The dinuclear ferroxidase centers of human H-chain homopolymer ferritin (HuHF) are composed of A and B iron binding sites of conserved amino acid ligands His65, Glu27, Glu107, Glu61 and Glu62 ( Figure  2) . 9 ,10 H-bonding residues Gln141 and Tyr34 are nearby. These ferroxidase centers differ functionally from those of the dinuclear cofactor sites of nonheme iron enzymes such as methane monooxygenase and ribonucleotide reductase. The cofactors sites of dinuclear enzymes retain and redox cycle their iron, while turning over the organic substrate to product, 11 whereas the ferroxidase center of ferritin continually turns over its iron during the catalytic cycle, releasing it to the core for storage., [2] [3] [4] The mechanism by which iron is sequestered within ferritin involves the diffusion of both Fe 2+ and O 2 (or H 2 O 2 ) into the interior of the protein, the binding and oxidation of Fe 2+ at the ferroxidase centers to form a diferric peroxo intermediate, the release of hydrogen peroxide, and the hydrolysis and migration of the resultant Fe 3+ to form the mineral core within the protein shell. [12] [13] [14] [15] [16] There are several potential pathways for Fe 2+ entry into the protein cavity, including the eight 3-fold ( Figure   1B ), [17] [18] [19] [20] [21] the twelve 2-fold ( Figure 1C ), 22 and the twenty-four "1-fold" channels ( Figure 1D) , 9 all of which connect the interior of the protein to the outside solution. The weight of evidence, however, favors the 3-fold hydrophilic channels. For example, divalent cations have been shown by X-ray crystallography to bind within the 3-fold channel at three Asp131 and three Glu134 residues contributed by three separate subunits related by 3-fold symmetry ( Figure 1B ) 10, 23 as well as at His118 and Cys130 residues at the outer opening of the channels. 10 Substitution of any of these residues decreases both the rate of iron uptake 17, 18 and the amount of Fe 2+ binding at the ferroxidase centers 24 and results in attenuation of core mineralization. Isothermal titration calorimetry (ITC) and kinetic measurements have shown that the mechanism of Tb 3+ and Zn 2+ inhibition of Fe 2+ binding and oxidation in HuHF occurs from the binding of these metal ions in the 3-fold channels, reducing access of the Fe 2+ to the ferroxidase centers. 20 The ligand exchange inert Cr(TREN) (H 2 O)(OH) 2+ complex also blocks access of Fe 2+ to the cavity of ferritin, presumably by binding in the channels. 21, 25 In addition, localized unfolding around the 3-fold channels from the use of chaotropic agents or site-directed mutagenesis enhances the transit of iron into and out of the protein cavity. [26] [27] [28] Figure 2. Ferroxidase center of human H-chain ferritin located within the four-helix bundle (left). Schematic view of the ferroxidase center (right). The ligands are those observed in the X-ray structure of Zn 2+ bound at the ferroxidase site.
The stoichiometry and association constant of Fe 2+ binding to the ferroxidase centers of HuHF have been determined by ITC under equilibrium conditions, 24 but limited information is available on the dynamics of Fe 2+ transfer across the protein shell to these centers. The overall process must occur in less than ∼50 ms based on sequential stopped-flow spectroscopy 29 employing 1,10-phenanthroline to measure unbound Fe 2+ and on the time required for the peroxodiferric intermediate to form. [29] [30] [31] [32] [33] An attempt has been made to measure the time for Fe 2+ diffusion into horse spleen ferritin by following the generation of Prussian Blue inside the protein cavity but a much slower rate was obtained than the aforementioned studies suggest. 34 To date, the pathways and rates of O 2 entry into ferritin have been little explored. Based on the early crystallography of the horse spleen protein, the six 4-fold hydrophobic channels lined with leucine residues were suggested as possible avenues for diffusion of dioxygen into the protein interior ( Figure 1A ). 35 However, the more recent X-ray structure of E. coli bacterial ferritin (EcFtnA) has identified 24 short hydrophobic channels along the "1-fold axis" of each subunit that penetrate directly through the subunit to the ferroxidase center and are potential pathways for O 2 entry ( Figure 1D ). 36 Similar hydrophobic channels are found in the H-chain subunit of human ferritin and are composed of residues Leu26, Ala30, Leu106, and Val110. 37 Tyr29, a conserved residue, is located at the entrance to the "1-fold" channel and extends into the external solution ( Figure 1D ). Density functional theory (DFT) and molecular dynamics calculations have led to the hypothesis that Tyr29 interacts with O 2 in the bulk solution thereby directing it into the "1-fold" channel where it diffuses to the ferroxidase center. 37 Kinetic studies of the interaction of Fe 2+ with HuHF are difficult to carry out because of the insensitivity of the UV-visible and fluorescence spectra of the WT protein to Fe 2+ binding. 14, 38 The single tryptophan residue (Trp93) per Hsubunit in HuHF is situated ∼17 Å from the ferroxidase center, and this large distance probably accounts for the lack of an effect of Fe 2+ binding on the intrinsic fluorescence and absorption properties of the protein.
The present study was undertaken to measure directly the rates of Fe 2+ and O 2 diffusion to the ferroxidase center of HuHF. Toward this end, three variants were prepared in which a fluorescent reporter group was introduced near the ferroxidase center through the substitution Y34W. The only tryptophan in the wild-type protein (Trp93) was simultaneously eliminated by the substitution W93F to avoid contributions from this residue to the observed fluorescence. 
Materials and Methods
Reagent grade ferrous sulfate was obtained from Baker Scientific Inc. (Phillipsburg, NJ) and Mops hemisodium buffer from Research Organics (Cleveland, OH). The constructs for variant no. 1 (W93F/ Y34W), variant no. 2 (W93F/Y34W/Y29Q), and variant no. 3 (W93F/Y34W/D131I/E134F) were prepared by oligonucleotide sitedirected mutagenesis on the plasmid pET-HuHF encoding human H-ferritin 39 by using QuikChange kit (Stratagene). The plasmids were verified by direct DNA sequencing. The proteins were expressed in transformed E. coli and purified as previously described. 39 The concentrations of all three variants on a 24mer basis were determined by Advanced Protein Assay (http:// cytoskeleton.com) using BSA as a standard. Molar absorptivities at 280 nm for variants no. 1 and 2 were estimated to be 17 000 and 14 000 M -1 cm -1 per subunit, respectively, which compare with predicted values of 17 400 and 15 900 M -1 cm -1 based on their amino acid sequences (using the ProtParam tool at http:// ca.expasy.org) and with the value of 23 000 M -1 cm -1 per subunit for the WT protein. 40 Circular dichroism (CD) spectra and melting curves for variant no. 1 and the WT protein were very similar ( Figures S1 and S2) , indicating that the mutation caused no major structural change in the protein. All of the variants eluted as 24mers on size exclusion chromatography. The protein was rendered iron free by continuous flow anaerobic dialysis in the presence of sodium dithionite and 2,2′-bipyridyl. 41, 42 CD spectra were measured on a Jasco J815 instrument. Isothermal titration calorimetry measurements were made with a CSC Model 4200 calorimeter as previously described. 24 Equilibrium fluorescence measurements were performed on a Varian Cary Eclipse fluorimeter or on a SLM Aminco-Bowman Series 2 luminescence spectrometer (AB2). Titrations of 1.0 µM variant no. 1 in 100 mM Mops pH 7.15 at 25°C with 0-48 µM FeSO 4 were carried out under an argon atmosphere in a 1-cm gas-tight fluorescent cell fitted with a septum. To test the ability of O 2 to quench the fluorescence of Trp-34 of variant no. 1, a 100% O 2 atmosphere was introduced over the stirred anaerobic apoprotein solution with the fluorescence monitored before and after introduction of O 2 .
The kinetics of fluorescence quenching was performed with the pneumatic drive Hi-Tech SFA-20 M stopped-flow accessory interfaced to the Cary Eclipse fluorimeter or to the SLM AmincoBowman Series 2 luminescence spectrometer which acquire a data point every 12.5 or 0.300 ms, respectively. The AB2 spectrometer was used for the fastest reactions encountered in this work. The dead times of the two instruments were determined to be 9.2 ( 0.2 and 3.7 ( 0.1 ms, respectively, using the N-acetyltryptophanamide (NATA) and N-bromo-succinamide (NBS) test reaction. 43 The dead times take into account both the mixing time and software delay for the two instruments. The rate constant of the test reaction run on the SFA-20M/Eclipse apparatus at NATA and NBS concentrations of 5.00 and 50.0 µM, respectively, was determined to be 34.8 ( 0.7 s -1 (t 1/2 ) 19.9 ( 0.4 ms) from data measured over four half-lives ( Figure S3 ) which compares favorably with the literature value of 37.4 s -1 (t 1/2 ) 18.5 ms) under identical conditions. 43 The test reaction run on the SFA-20M/AmincoBowman apparatus at NATA and NBS concentrations of 5.00 and 200 µM, respectively, gave a rate constant of 152 ( 2 s -1 (t 1/2 ) 4.55 ms) ( Figure S4 ) which is close to the literature value of 155 s -1 (t 1/2 ) 4.47 ms) under the same conditions. 43 The kinetics of Fe 2+ binding to apo-variants no. 1, 2, and 3 were performed anaerobically. The stopped-flow apparatus was fitted with a polyvinylchloride bag specifically designed by the manufacturer for anaerobic work and flushed with high-purity argon overnight before use. All buffers and Fe 2+ solutions were made oxygen-free by extensive bubbling with moist argon overnight prior to use. Moist argon was passed over the stirred apoprotein solution overnight to remove oxygen. Then equal volumes (140 µL) of a 12-72 µM FeSO 4 solution, pH ≈ 2, acidified with 3 N HCl with or without 25 mM NaCl (as indicated by the presence or absence of NaCl in the figure legends) and apoprotein (1.0 -3,0 µM) in Mops buffer (50-100 mM), pH 7.15, were rapidly mixed in the thermostatted sample compartment and pushed through the 80 µL quartz stoppedflow cuvette. Path lengths for excitation and emission were 1.0 and 0.2 cm at wavelengths of 280 and 324 nm, respectively. A slit width of 5 nm for excitation and 10 nm for emission was used with the Cary Eclipse and 5 nm for both excitation and emission slits for the AB2.
To ensure that the Fe 2+ solutions remained reduced before mixing with the apoprotein, they were prepared anaerobically in pH ≈ 2 water (acidified with 3 N HCl) in the absence of buffer as done in all previous stopped-flow kinetics studies of ferritins. 16, 29, 31, 34 The low pH helps to stabilize the Fe 2+ from slow oxidation due to traces of O 2 in the solution (<0.5 µM as measured by Clark electrode oximetry) during the time required to prepare the stopped-flow system for each kinetic run. However, this protocol causes a 2-fold drop in Mops buffer hemisodium concentration at the start of the reaction from 50 mM to 25 mM upon rapid mixing of the protein and iron solutions and a corresponding decrease in ionic strength from µ ) 25 to 12.5 mM. Therefore, the influence of ionic strength on the fluorescence and absorption spectra of the apoprotein and its iron complex was investigated. No effect was found. The change in ionic strength on the kinetics of Fe 2+ diffusion was also investigated. In these experiments, the Fe 2+ solution at pH ≈ 2 was prepared with or without added 25 mM NaCl (µ ) 25 mM) while the apoprotein solution contained only 50 mM Mops (µ ) 25 mM), pH 7.15. The first-order rate constants for fluorescence decay were only ∼10% larger when NaCl was present in the Fe 2+ solution than when it was absent, indicating that the 2-fold drop in ionic strength upon mixing has a minimal effect on the observed kinetics.
In the experiments to measure oxidation of prebound Fe 2+ by O 2 , a 140 µL volume of deionized water saturated with 100% O 2 was rapidly mixed with the same volume of anaerobic 3.0 µM variants no. 1 and 2 containing 48 Fe 2+ /shell in 100 mM Mops buffer pH 7.15. As indicated in the figure captions, multiple traces were averaged to improve the signal-to-noise ratio of the data prior to analysis.
Stopped-flow, multiple-wavelength absorption studies were carried out with the Hi-Tech SFA-20 M apparatus interfaced to a J&M Tidas diode array spectrometer with data acquisition every 2.5 ms in the wavelength range 290-800 nm. The peroxodiferric species formed during oxidation of Fe 2+ was monitored by its absorbance value at 650 nm. The spectrophotometer baseline was determined prior to each kinetic run with a cuvette containing equal volumes of apoprotein in buffer and acidic H 2 O (pH ≈ 2).
Analysis of the kinetics was carried out as recently described. 31, 33 The data were fitted to derived kinetic equations programmed into Origin, version 7.0, software (OriginLab, Inc.). Stated errors are at the 95% confidence level from the goodness-of-fit unless stated otherwise. The dead time was added to all measured times post triggering of data collection and a zero point at zero-time was added to all data sets.
Results

Fluorescence Quenching of Variant No. 1 by Fe 2+ Binding.
The fluorescence spectra of variant no. 1 (W93F/Y34W) containing different amounts of Fe 2+ are shown in Figure 3 (inset). The intensites of fluorescence and absorption spectra were found to be independent of the ionic strengths of 12.5-25 mM employed in this work (Materials and Methods). Maximal emission occurs at 324 nm for the apoprotein, indicating that most of the observed fluorescence is contributed by the sole tryptophan residue Trp34. Anaerobic addition of Fe 2+ causes a blue shift in the band maximum to 317 nm, a result suggestive of movement of the Trp34 to a more hydrophobic environment upon binding of iron to the protein. 44 To establish the binding stoichiometry, the apoprotein was titrated anaerobically with /shell resulted in marked quenching of the protein fluorescence, beyond which quenching was less pronounced (Figure 3 ). The data were fitted to eq 1 (Supporting Information) for the binding of Fe 2+ to n F independent ferroxidase sites on the protein.
Here K F is the site association constant, [P] o and [Fe] o are the 24-mer protein and iron concentrations, and I o and I ∞ are the relative fluorescence intensities in the absence of Fe 2+ and in the presence of Fe 2+ when the sites are fully saturated, respectively. Average and standard deviation for four titrations were n F ) 11.4 ( 2.1 and
). The observed stoichiometry of n F ≈ 12 from the fluorescence titrations was confirmed by an anaerobic UV spectrometric titration of the apoprotein with Fe 2+ ( Figure S5 ). Isothermal titration calorimetry, which accounts for all binding that produces a measurable heat, was also carried out ( Figure 4) . Two classes of binding sites were observed (n 1 ) 12.0 ( 0.7 and K 1 ) (3.9 ( 2.2) × 10 6 M -1
; n 2 ) 6.8 ( 1.9 and K 2 ) (1.5 ( 0.5) × 10 5 ). The stoichiometry and equilibrium constant of the strong class of binding sites are the same within experimental uncertainty as those obtained from the fluorescence quenching titration (Figure 3) . The weaker binding sites (n 2 ) 6.8 ( 1.9) observed by ITC are attributed to the eight hydrophilic channels (vide infra). 20, 24 Thus, variant no. 1 binds about half as much Fe 2+ at the ferroxidase centers as does the WT protein, which binds 24 Fe 2+ , one at each ferroxidase center under similar conditions. 24 Fe 2+ binding most likely occurs at the His65-containing A-site of the ferroxidase center of Figure  2 as previous studies suggest. 10, 24, 29 /shell show a second phase that is 30 -40 times slower than the first phase due to gradual oxidation of the iron. A slow second phase was also seen for the other samples when examined on a much longer time scale (not shown). We focus on the rapid-first phase due to Fe 2+ binding at the ferroxidase centers.
The initial rate of quenching shows saturation kinetics with respect to total Fe 2+ concentration (Figure 7) , a phenomenon characteristic of facilitated diffusion in membranes whereby 
designated as Fe, the 3-fold hydrophilic channels as C, iron bound in the channels as Fe C and iron bound at the ferroxidase site as Fe F . K C represents the equilibrium constant for Fe 2+ binding in the channels. k d is the apparent rate constant for diffusion from the channel binding site to the ferroxidase center.
We assume that the first step is a rapid pre-equilibrium. Because in our experiments, the concentrations of the Fe 2+ and channels are comparable, the usual assumption in Michaelis-Menten kinetics that substrate is in excess does not apply and the initial rate as a function of added Fe 2+ ([Fe] o ) takes on the following form (Supporting Information).
In eq 3 the concentration of 3-fold channels sites [C] o is eight times the protein concentration. Curve fitting of the data in Figure 7 according After attempts to fit the data to several different models, the observed fluorescence quenching curves were best described by the standard two-step consecutive first-order reaction pathway as per eq 4
Af k 1
Bf k 2 C (4) In this model, species A corresponds to a colorless "Fe 2+ -O 2 -protein" complex rapidly formed at the ferroxidase center that converts to the peroxodiferric dimer B through a first-order process with a rate constant k 1 as previously discussed. 31 The unstable intermediate B then decays to a µ-oxodiferric dimer, species C, with a rate constant k 2 . The total fluorescence intensity, I(λ, t), of the reaction mixture as a function of time was fitted to the following equation for multiple species:
I(λ,t) ) I A (λ)[A(t)] + I B (λ)[B(t)] + I C (λ)[C(t)] + I(λ,∞)
where the I i terms are molar intensity constants for the intrinsic fluorescence of species A, B, and C at the specified wavelength.
The standard equations for the concentrations [A(t)], [B(t)], and [C(t)] as a function of time for the consecutive reaction Af
Bf C are given elsewhere 31 and found in most standard physical chemistry texts. The data in Figure 8 . UV-visible stopped-flow spectrophotometry was carried out under the same conditions as the fluorescence experiments discussed above (Figure 9 ). Again the model Af Bf C gives the best description of the kinetics. The blue peroxodiferric intermediate B has an absorbance maximum at ∼650 nm where the kinetics were monitored (Figure 9 ). The data were curve-fitted according to eq 6 for the absorbance Y(λ,t) as a function of time where the ε i correspond to molar absorptivities of species B and C at 650 nm as described elsewhere.
31,33
Curve fitting yielded k 1 ) 18.4 ( 0.4 and k 2 ) 1.29 ( 0.02 s -1 for variant no. 1 ( Figure 9A ) and k 1 ) 17.5 ( 0.6 and k 2 ) 2.49 ( 0.06 s -1 for variant no. 2 ( Figure 9B ), respectively (95% confidence level). The rate constants obtained from fitting the absorbance and fluorescence stopped-flow data are generally very similar (Figures 8 and 9 ). However, we consider the rate constants from the absorbance data of Figure 9 to be more accurate because the formation and decay of the peroxo intermediate B are measured directly without significant contributions to the 650 nm absorbance from the other species. Again the rate constant k 1 for formation of the peroxo . Long range effects of substitutions have been noted previously for ferritins. 49, 50 To determine whether O 2 binds at or near the ferroxidase center in the absence of Fe
2+
, an anaerobic solution of either variant no. 1 or 2 (0.5 µM) was exposed to 100% O 2 atmosphere while monitoring the protein fluorescence. No quenching of fluorescence from the presence of O 2 was observed (data not , I A ) 0.711 ( 0.011 µM -1 dimer, I B ) 0.320 ( 0.030 µM -1 dimer, and I C ) 0.0158 ( 0.0013 µM -1 dimer (curve b) from eq 5 with the equations for the concentrations of species given elsewhere. 31 The residual is the difference between the fitted and experimental curves. The stated rate constants and associated errors are averages and standard deviations, respectively, from curve fits to three separate kinetic runs. The observed quenching kinetics is from the oxidation of the prebound Fe Figure 9A ) and k 1 ) 17.5 ( 0.6 s -1 and k 2 ) 2.49 ( 0.06 s -1 for variant no. 2 ( Figure 9B ) from eq 6 with the equations for the concentrations of species given elsewhere. 31 The stated rate constants and associated errors are averages and standard deviations, respectively, from curve fits to three separate kinetic runs. The residual is the difference between the fitted and experimental linear time curves. The conditions are the same as in Figure 8. shown), suggesting that O 2 by itself does not appreciably bind in the vicinity of Trp34 at the P O2 ≈ 1 atm of the experiment.
Discussion
The migration of Fe 2+ through the protein shell to the ferroxidase center is one early event occurring prior to formation of the µ-peroxodiferric intermediate in ferritin. The present data demonstrate that the 3-fold channels are the only pathways for rapid Fe 2+ entry into the protein because no fluorescence quenching is observed with variant no. 3 lacking coordinating residues in the channels and because there is minimal quenching when Zn 2+ is bound in the channels of variant no. 1 ( Figure 5 ). Electrostatic calculations are consistent with Fe 2+ migration to the ferroxidase center via a route involving these channels. 51, 52 The initial contact and equilibrium binding of Fe 2+ in the channels modeled by eqs 2 and 3 likely involves the residues His118 and Cys130 at the outer opening of the channels as previous work suggests 10, 49, 53, 54 followed by the sequential migration to the deeper triads of Glu134 and Asp 131 residues. VO 2+ binds at His118 and can be displaced by Fe 2+ , 49,54 and substitution of the His118 and Cys130 with alanine reduces iron uptake by the protein. 53 Recent X-ray structural data on Zn
2+
(an Fe 2+ surrogate) binding in the 3-fold channels of HuHF show metal occupancy of all of the three channel sites (His118 + Cys130, Glu134 and Asp131 sites) 10 in accord with the sequence of iron migration proposed here. It is not known which of these sites corresponds to the K C measured in this work, but the soft character of the ligands of the His118 + Cys130 site would seem to be particularly well suited for binding Fe
. Figure 10 illustrates the putative pathway into the protein via the 3-fold channel and across the interior of the protein to the ferroxidase center. The residues Thr135, His136 and Tyr137 may be involved in guiding iron from the inner opening of the channel to the ferroxidase centers within the four-helix bundle. This path on the protein interior is a somewhat more direct route than that previously postulated. 17, 51 Fe 2+ entry into the protein likely involves ligand exchange reactions between coordinated water of Fe(H 2 O) 6 2+ and the Asp131 and Glu134 residues of the channels because the 6.2 Å diameter of the aqua Fe 2+ ion exceeds the 3-4 Å diameter of narrowest section of the channels. Such exchange reactions would enable the Fe 2+ to overcome the restrictive porosity of the channels as proposed by Raymond and co-workers. 21, 25 A gated process allowing the preferential passage of iron could also be operable as suggested by experiments employing mutagenesis and chaotropic agents. [26] [27] [28] "Breathing" of the channels probably accounts for the ability of slightly larger (7-9 Å diameter) nitroxide spin probes to diffuse into ferritin, albeit at rates 10 6 -fold slower than that of Fe 2+ observed here, a process that is also inhibited by Zn 2+ .
55
The stopped-flow fluorescence quenching data of Figures 6 and 7 reveal that binding of Fe 2+ to the ferroxidase center occurs rapidly with a hyperbolic dependence of the rate characteristic of facilitated diffusion, 45, 46 in accord with a model in which Fe 2+ is complexed by the channels and passed through them. Because ligand exchange/substitution reactions of Fe 2+ chelates typically occur on the microsecond time scale 56 compared to the millisecond kinetics observed here, diffusion is most likely the rate limiting step for iron to bind at the ferroxidase center; thus, we equate the measured value of the rate constant k d ) 216 s -1 from Figure 7 and eq 2 with the rate constant for diffusion (or its lower limit). When the channels are saturated with Fe occurs with a half-life of 3 ms (or less), consistent with a previous multimixing stopped-flow study predicting that it be less than ∼50 ms for the wild-type protein 29 and in accord with it being less than the half-life of ∼50 ms for the formation of the peroxo complex in variant no. 1 under aerobic conditions for both protein and iron solutions ( Figure S6) . A more detailed model for iron migration down the channels of ferritin is not easily formulated because it involves a combination of Fickian diffusion, drift forces from the electric field gradient on the protein surface, 51 fluxional character of the channels [26] [27] [28] and the dynamics of ligand exchange reactions within the channels. 21 , 25 If we assume that Fickian diffusion solely applies, an estimate of the "apparent diffusion coefficient" can be obtained. We equate the first-order half-life from the kinetics measurements to the time for half of the Fe 2+ to travel the thickness of the protein shell d through a one-dimensional random walk process, 45 namely Figures 3, 4 and S5) compared to all 24 Fe 2+ centers for the WT protein 24 was unexpected in that the two proteins appear to fold similarly ( Figures S1 and  S2 ). However, a similar phenomenon has been observed with mitochondrial ferritin (MtF) which has the same ferroxidase center residues and overall structure as human H-chain ferritin.
60
Only 12 of the 24 ferroxidase centers of MtF bind iron and are catalytically active. 61 The origin of this effect in WT MtF and the variant no. 1 of HuHF is unclear.
The 6 ]. 34 The rate constant of 0.40 s -1 (t 1/2 ) 1.7 s) cannot correspond to migration of iron across the protein shell because it is smaller than the recently measured rate constant of 17.7 s -1 (t 1/2 ) 39 ms) for formation of the peroxodiferric complex in horse spleen ferritin. 33 In the Prussian blue study, the authors suggest that Fe 2+ might rapidly bind to the ferroxidase site and then slowly transfer to the "core" K 3 Fe(CN) 6 , thus accounting for the low rate of formation of KFe[Fe(CN) 6 ]. 34 In any case, the kinetics observed in the Prussian blue experiment are considerably more complex than those reported here and do not appear to be a true measure of diffusion of Fe 2+ across the ferritin shell. Our data do not support the hypothesis 37 that the "1-fold" channels are important pathways for O 2 penetration to the ferroxidase center (Figures 8 and 9 ). Tyr29 at the entrance to these channels ( Figure 1D (Figures 8 and 9 ). Thus, O 2 must penetrate to the ferroxidase centers faster than the millisecond time scale of our experiments and therefore does not influence the rate of Fe 2+ oxidation. Oxygen has been shown to travel through protein matrices at near diffusion controlled rates. 62 Finally, we note that the substitution Y34W influences both the thermodynamic and kinetic properties of the human H-chain ferritin even though the CD and melting properties of the protein are changed little by the substitution (Figures S1 and S2) Figure S6 ), corresponding to a reduction by a factor of 1.7 in rate constant per ferroxidase site. A similar reduction in the rate of iron uptake has also been reported for variant Y34F of HuHF.
14 Elimination of the H-bond from Tyr34 to the ligand Glu-107 (Figure 2 ) by the substitution Y34W or Y34F may be partly responsible for the observed changes in the properties of the protein. Despite these differences, the main conclusions derived from the present study likely apply to the wild type protein, namely that Fe 2+ diffusion is rapid and occurs through the eight 3-fold channels and that Tyr29 is not important for O 2 diffusion into the protein.
In summary, our experiments with Y34W variants of human H-chain ferritin have provided new insights into the very early events of iron deposition in ferritin. In particular, the rate at which Fe 2+ arrives at the ferroxidase center has been measured directly for the first time and shown to be ∼15-fold faster than )/π 2 previously used to estimate D in other studies of the diffusion of Fe 2+ and nitroxides into ferritin. 34, 55 This relationship is not appropriate since its derivation is based on the relaxation time τ ss for reaching a steady state in diffusant concentration with distance rather than the half-life, τ 1/2 , for material transport. 45 Therefore, in previous work 34, 55 the "apparent Fickian diffusion coefficients" were underestimated by a factor of ∼16. the rate of aerobic Fe 2+ oxidation in the variants studied, t 1/2 ) 3 vs 50 ms ( Figure S6) . Moreover, the 3-fold channels have been demonstrated kinetically to be the only pathways for rapid iron entry into the protein by a process involving facilitated diffusion. O 2 diffusion into the protein does not depend on Tyr29 and occurs on a time scale much faster than milliseconds.
